We compared cortical reactivity to pattern and luminance stimuli by recording evoked responses and spontaneous brain rhythms from 10 subjects with a whole-scalp neuromagnetometer. Hemifield patterns (black-and-white checkerboards) elicited strong contralateral transient activation of the occipital V1/V2 cortex, maximum at 65-75 ms, followed by sustained activation during the 2 s stimulus. Responses to hemifield luminance stimuli also had an occipital component, but they were dominated by activation of the medial parieto-occipital sulcus (POS) 60-70 ms later. The POS region was equally well activated by foveal and extrafoveal stimuli. The occipital responses to hemifield luminance stimuli differed from those to pattern stimuli in two main aspects: the sustained activation was significantly weaker, and the responses were almost symmetrical, indicating a surprisingly bilateral occipital activation. These effects were similar with foveal and extrafoveal stimuli. The spontaneous 10 Hz alpha rhythm, originating predominantly in the POS region, was suppressed after both stimulus onsets and offsets, more strongly for luminance than pattern stimuli. Activation of the occipital cortex dominated after pattern stimuli, whereas the effect of luminance stimulation was stronger in the parieto-occipital region. The distinct signal distributions in the occipital and POS regions suggest that the two types of stimuli activate the magnoand parvocellular pathways to a varying degree. These findings are also in line with a stronger attention-catching value of the luminance than pattern stimuli.
Introduction
High-contrast, low-frequency luminance stimuli mainly signal non-specific changes in the environment and are effective in capturing the subject's attention (Johannes et al., 1995; Steinman et al., 1997) . Pattern stimuli, on the other hand, are proper targets for visual analysis. Thus, these stimuli are expected to evoke clearly different cortical signal distributions.
Magnetoencephalography (MEG) allows noninvasive detection of rapid spatiotemporal variations in cortical electric activity of the human brain . Information can be retrieved by registering stimulus-locked evoked responses or oscillatory activity, which can be modulated by various stimuli and tasks.
In addition to numerous reports of visual evoked neuromagnetic responses originating in the occipital lobe, the region of the parieto-occipital sulcus (POS) shows prominent MEG signals in association with various visual stimuli and tasks (Hari et al., 1994; Aine et al., 1996; Jousmäki et al., 1996) and also seems to be the main generator of the neuromagnetic alpha rhythm (Chapman et al., 1984; Williamson and Kaufman, 1989; Salmelin and Hari, 1994a; Hari and Salmelin, 1997) .
In the present work we registered both cortical evoked responses and reactivity of the alpha rhythm with a neuromagnetometer covering the whole scalp, while the subjects were presented with pattern and luminance stimuli.
Materials and Methods

Stimuli
The stimuli, shown in Figure 1 , were semicircular in shape, with a circle radius of 8°. They were either 50' x 50' black-and-white checks (96% contrast) on a gray background ('pattern stimuli') or white on a black background ('luminance stimuli'). The luminance of the white, black and gray areas were 60, 1 and 30 cd/m 2 respectively; the mean luminance of the patterns was thus 30 cd/m 2 . Our intention was to make one stimulus strong as a visual pattern and the other as an attention trigger with minimized pattern contents, and therefore the two stimuli were not directly comparable in their physical properties. The stimulus shape was either a complete semicircle with the vertical diameter lying on the vertical meridian of the visual field ('foveal stimuli') or a segment of a circle, with the vertical diameter at an eccentricity of 1.5°('extrafoveal'). The 2 s stimuli with abrupt onsets and offsets were presented alternately to the right and left hemifields and were followed by pauses of 3 s during which only the gray or black background was visible. The viewing distance was 50-60 cm, and subjects fixated a dark dot at the centre of the visual field. The room was dark, with the stimuli as the only source of light. The stimuli were produced with a MacProbe™ program on a Macintosh Quadra 840AV computer and projected onto a white cardboard in front of the subject with a Sony VPL-350QM LCD data projector, located outside the magnetically shielded room. The order of stimulus presentation was counterbalanced across subjects.
Subjects and Recordings
Evoked and spontaneous neuromagnetic signals were recorded from 10 healthy adults (members of the laboratory staff and paid volunteers: six males, four females; aged 20-30 years, mean 25 years). During the recording the subject was sitting in a magnetically shielded room with the head supported against the bottom surface of the Neuromag-122™ whole-scalp neuromagnetometer (Neuromag Ltd, Helsinki, Finland) . The magnetometer has 122 planar SQUID (Superconducting QUantum Interference Device) gradiometers arranged in a helmet-shaped array (A honen et al., 1993) ; each of the 61 measurement sites contains a pair of orthogonal gradiometers measuring the longitudinal and latitudinal derivatives of the magnetic field normal to the helmet surface. The planar gradiometers measure the largest signal just above an active source, where the field gradient has its maximum. For an extensive review of the MEG method, see Hämäläinen et al. (1993) .
The exact head position with respect to the magnetometer was determined by measuring magnetic fields produced by currents fed to three indicator coils attached to the scalp. The positions of the coils with respect to anatomical landmarks were measured with a three-dimensional digitizer (Isotrak 3S1002, Polhemus Navigation Sciences, Colchester, VT, USA). This allowed alignment of the MEG and magnetic resonance image (MRI) coordinate systems, and thus superposition of the MEG sources onto MR images, acquired from seven subjects with a 1 T Siemens Magnetom™instrument.
Signals were collected continuously for 10 min, using a passband of 0.03-90 Hz and a digitization rate of 0.3 kHz. The vertical and horizontal electro-oculograms were monitored to reject responses coinciding with eye movements or blinks. Approximately 50 responses were averaged on-line in each stimulus category, in 1 s windows with a 200 ms prestimulus baseline. The signals were stored on magneto-optical discs 
Control Recordings
Three control recordings were carried out with six right-handed subjects, four of whom had participated in the original study. The stimuli were otherwise like the high-contrast foveal luminance stimuli of the main experiment, but now either with lower luminance (gray on a black background, luminance of gray half circle 38 cd/m 2 , contrast 84%) or lower contrast (below 10%; mean luminance 86 and 34 cd/m 2 respectively).
Data Analysis
Evoked Responses
The averaged evoked responses were digitally lowpass filtered at 45 Hz. Sources of the responses were modelled as equivalent current dipoles (ECDs), whose three-dimensional locations, orientations and strengths were found in a least-squares search using 28-32 signals over the maximum response area. The ECDs, which model local cortical activation at different areas, were then introduced into a time-varying multi-dipole model. The dipole strengths were allowed to vary as a function of time to explain the measured signals in all 122 sensors. This method thus gives a quantitative estimate of the multifocal activation, allowing comparison of activation strengths between distinct cortical areas as a function of time. A goodness-of-fit value (g) (Kaukoranta et al., 1986) was calculated to indicate how well the model accounted for the measured field variance.
Cortical Rhythms
Average amplitude spectra were calculated for each subject to determine the most active frequency band to be employed in the further analysis. The reactivity of the parieto-occipital alpha rhythm was examined in the time domain by means of temporal-spectral evolution (TSE) (Salmelin and Hari, 1994b) , by first bandpass-filtering and then rectifying the signals, and finally averaging them with respect to stimulus onset. The TSE signals thus show the average event-related changes in the amplitude of oscillatory activity within a selected frequency band; the result is given in the same units as for the original signals.
We calculated TSE signals for 5.5 s periods starting 0.5 s before stimulus onset. The frequency bands employed, 4-5 Hz in width, centered around 10 and 20 Hz, and were chosen individually for each subject on the basis of the amplitude spectra. The reactivity of the rhythms was quantified by calculating their suppression or enhancement, expressed as the percentage change from the prestimulus base level.
Sources for the spontaneous activity in the POS region were found by a least-squares search, as described above for the evoked responses. For each subject, sources were localized from non-averaged signals at ∼2400 time instants (separated by 5 ms) during the pauses between stimuli. Only ECDs with g ≥ 85-90% and with 95% confidence volume ≤ 0.1 cm 3 were accepted for further investigation (maximally ∼140 sources per individual). The sources were superposed on MRI slices to deduce their exact anatomical locations.
If not stated otherwise, a two-tailed t-test for paired differences was used in the statistical evaluation of the data; for comparison of evoked responses, data were included from all 10 subjects, and signals associated with LVF and RVF stimulation were tested separately. Data from two subjects were omitted from the analysis of spontaneous rhythms due to negligible rhythmic activity. Figure 2 shows whole-scalp responses from subject 2 to foveal pattern and luminance stimuli. The patterns evoked prominent transient responses in the occipital areas, considerably stronger over the hemisphere contralateral than ipsilateral to the stimulus. The transients, peaking at 95 ms in this subject, were followed by sustained fields (SFs) during the ongoing stimulus. The occipital responses to LVF and RVF patterns peaked at around the same latencies but with opposite polarities, whereas responses to left-and right-sided luminance stimuli were rather similar in waveform and distribution over both hemispheres. The occipital responses to luminance stimuli peaked at 55 and 145 ms and did not display a noticeable SF. Luminance stimuli evoked an additional, slow parietal response, which started at 100 ms, peaked at 170 ms and ended at 350 ms. Figure 3 shows, for all 10 subjects, the maximum onset responses in one sensor over the occipital area (presumed to be V1/V2). Typically, responses to LVF and RVF patterns were opposite in polarity, both during the transients and the SFs, whereas responses to LVF and RVF luminance stimuli practically coincided. At the locations shown in the figure, the patterns evoked 2.5 times stronger transients and 6 times stronger SFs (mean amplitude at 400-800 ms) than the luminance stimuli (P < 0.01 for both LVF and RVF data); for luminance stimuli the mean SF amplitude did not differ statistically significantly from zero. Figure 4 shows the result of source modelling for three subjects, with sources of the most prominent occipital and parietal responses superposed on the subjects' MR images. The sources found in these subjects are representative of the main source configuration in all subjects: the pattern and luminance stimuli activated overlapping areas in the contralateral occipital lobe, on average within 15 mm from the midline, with no statistical differences in source locations. The median current f low of the occipital sources (viewed from the back) was directed laterally, ∼30°upwards from the horizontal axis. Luminance stimuli additionally resulted in non-lateralized cortical activation of the medial POS region, where the mean source current was oriented anteriorly along the midline, perpendicular to the course of the parieto-occipital sulcus. For foveal stimulation, contralateral occipital sources were found in 19 (pattern) and 16 (luminance) conditions out of 20 (10 subjects, left and right visual field stimulation). Parietal sources were found in 18 out of 20 luminance conditions. In addition to these prominent sources, consistent across individuals, other more variable activations were identified in some subjects and in some conditions (on average 0.5 additional sources per condition); these sources contributed very little to the overall variance of the data and were excluded from the further analysis.
Results
Evoked Responses
Consequently, we modelled the cortical activation of all subjects with individual time-varying three-dipole models, with two dipoles in the occipital lobes (one in each hemisphere) and one in the midline POS. The occipital sources were determined from responses to contralateral foveal patterns and the POS source from responses to foveal luminance stimuli. The three dipoles modelled clearly distinct cortical activations and the model thus allowed differentiation and comparison of signals from the occipital and parietal areas across all conditions. Figure 5 shows, for subjects 2 and 3, the time course of the occipital and parietal activations when the time-varying three-dipole model was used to explain signals of all 122 sensors. The contralateral occipital lobe was active 45-145 ms after both pattern and luminance foveal stimuli. In these subjects, the signals peaked at 80-85 and 50-60 ms respectively. Patterns evoked stronger contralateral occipital responses than luminance stimuli, and they also elicited sustained activation during the stimulus. The ipsilateral occipital lobe showed a small response after luminance but none after pattern stimuli. The parietal source was strongly active 110-325 ms after luminance stimuli (peak at 130 ms), with no clear preceding transient responses.
The goodness-of-fit (g) values in Figure 5 show how much of the measured field variance in all 122 sensors was accounted for by the three-dipole model. For pattern stimulation, the contralateral occipital dipole with its sustained activation largely accounted for the high g-values. For luminance stimulation the explanation was best during the dominant parietal activation.
The mean (± SEM) SF strengths of the contralateral occipital sources (measured as the mean values at 400-800 ms) were 3.6 ± 0.6 nAm for foveal luminance stimuli (differing from zero at P < 0.001) and 9.8 ± 1.8 nAm for the corresponding pattern stimuli (P < 0.001); the SFs were significantly stronger (P < 0.05 for RVF; P < 0.01 for LVF ) for pattern than for luminance stimuli.
The mean (n = 10) peak latency of the contralateral occipital activation was 10 ms shorter for foveal luminance than pattern stimulation (63 ± 3 vs. 73 ± 2 ms; P < 0.05, for RVF; NS for LVF). The responses to foveal luminance stimuli peaked on average 8-10 ms earlier over the contralateral than the ipsilateral hemisphere (P < 0.02 for RVF; NS for LVF). The latencies did not differ between responses to foveal vs. extrafoveal stimuli. Figure 6 shows the mean (± SEM) maximum dipole strengths obtained from the three-dipole model. The cortical activations evoked by foveal and extrafoveal luminance stimuli were otherwise indistinguishable, but to pattern stimuli the contralateral occipital activation was 40% stronger for foveal than extrafoveal stimulation (P < 0.01). For pattern stimuli, the contralateral occipital areas displayed the strongest and the ipsilateral occipital areas the weakest activation, whereas the luminance stimuli elicited the most prominent response in the POS region. The contralateral occipital activation was on average three times stronger to pattern than to luminance stimuli (P < 0.01 for foveal; P < 0.05 for extrafoveal).
For pattern stimuli, the occipital activation was strongly contralaterally dominant (P < 0.005), to the extent that the mean ipsilateral source strength did not differ significantly from zero. Luminance stimuli resulted in more bilaterally symmetric occipital activation pattern, with only a slight, statistically nonsignificant contralateral dominance. The ratio between the mean contralateral/ipsilateral signal strengths was 24 for foveal and 11 for extrafoveal pattern stimuli, and 2 for both foveal and extrafoveal luminance stimuli.
The POS region distinguished between the two stimulus types, with on average 66% stronger responses to luminance than pattern stimuli (P < 0.01) but without significant differences for LVF vs. RVF or foveal vs. extrafoveal stimuli.
The effects of mean luminance and contrast on the parietal activation were studied in the control recordings with six subjects. The signal-to-noise ratio of responses to low-contrast stimuli did not allow localization of parietal sources, but significant activation (P < 0.02) was evident when the strength of the POS source was allowed to vary as a function of time to explain the measured signals in all 122 sensors. There was a trend for 24% stronger parietal activation to white (contrast 96%) than gray stimuli (luminance 38 cd/m 2 , contrast 84%), and stimuli with contrast <10% evoked ∼60% weaker (P < 0.05) parietal activation than the stimuli with 84 or 96% contrast. The parietal activation elicited by low-contrast stimuli (<10%) with different mean luminances (43 or 86 cd/m 2 ) did not differ in strength.
Stimulus-related Modulation of Cortical Rhythms
Amplitude spectra of subjects 1-8 typically showed a sharp and large peak around 10 Hz, and weaker activity in a broader frequency range around 20 Hz. Subjects 9 and 10 had negligible parieto-occipital rhythms and were excluded from further analysis. Figure 7 shows TSE signals of subject 3 to luminance stimuli, demonstrating the stimulus-related modulation of the posterior 10 Hz rhythm. The activity was maximally suppressed 360-440 ms after both stimulus onsets and offsets, and the maximum recovery occurred within 1 s. TSEs calculated in the 20-Hz range showed little stimulus-related reactivity. Figure 8 shows TSEs of all subjects from one parieto-occipital sensor. The 10 Hz activity was maximally suppressed 250-500 ms after stimulus onset, recovered partly while the stimulus was still present, and was dampened again 300-530 ms after stimulus offset. In general, the changes were larger after luminance than pattern stimuli. The modulation was stronger in subjects with high levels of prestimulus (baseline) activity, as shown in the diagrams at the bottom of the figure (correlation coefficients differing from zero at P < 0.01 for pattern, P < 0.05 for luminance). Figure 9 shows the mean suppressions of the TSE signals in the 8-13 Hz band during 250-500 ms from the stimulus onsets; all suppressions were statistically significant (P < 0.02). Foveal vs. extrafoveal stimulus presentation did not have much inf luence on the results. The resting level of the activity was 40% higher in the parietal than the occipital regions (P < 0.01). The foveal pattern and luminance stimuli suppressed the occipital activity by 30 ± 2% and 40 ± 2%, and the parietal activity by 20 ± 5% and 59 ± 3% respectively; all parietal suppressions were significantly stronger to luminance than pattern stimuli (mean difference 64 ± 10%, P < 0.005). The suppressions tended to be slightly stronger (8-17%) after stimulus onsets than offsets but did not differ significantly between foveal vs. extrafoveal stimuli.
The right side of Figure 9 illustrates the distribution of maximum suppression in subject 3, showing the emphasis on occipital dampening for patterns and the dominance of parietal suppression for luminance stimuli. Figure 10 illustrates that sources of the posterior 10 Hz rhythm of subject 3 cluster mainly around the medial POS, with a smaller lateralized cluster close to the calcarine fissure. In six out of seven subjects with clear POS sources for the 10 Hz activity, the sources overlapped or were within 1.5 cm of the POS sources of the evoked responses, with no clear lateralization. Prominent source clusters in the occipital lobe were found in three subjects.
Discussion
Source Configuration
We modelled the signal distributions with individual three-dipole models which accounted for the major active brain areas, which could be readily distinguished in all subjects: one source in each posterior occipital lobe and one in the medial POS region. This model accounted for essentially all systematic variance of the data during the main def lections, and thus allowed the relative activations of the occipital and parietal areas to be studied under different stimulus conditions. The adequacy of the model was confirmed by the stability of the overall pattern of activation when the source locations were manually shifted by a few millimetres. Although the stimuli employed were not optimal for a thorough study of the early visual occipital responses, both the locations and the dipole orientations support the notion that the occipital sources mainly ref lect activity of the V1/V2 cortex; however, minor contributions from other nearby areas in the mesial occipital lobe cannot be excluded. A very probable explanation for the medial POS source is bilateral and symmetric activation of the fissural cortex close to the hemispheric midline.
Visual Pathways
Two distinct visual information-processing routes, the magnoand parvocellular pathways (M and P pathways), have been identified in primates. The M pathway mainly processes low spatial frequencies and visual motion, whereas the P pathway is more specialized to fine forms and colour. Besides the M and P distinction, the cortical machinery involved in vision has also been divided into the ventral (inferotemporal) and dorsal (parietal) visual streams, both emanating from the primary visual cortex V1. The ventral 'what' stream is assumed to be related to object identification, and the dorsal 'where and how' stream to spatial relationships and visually guided behaviour (Ungerleider and Mishkin, 1982; Ungerleider, 1995) .
We did not design the stimuli to discriminate particularly between M and P activities, but we expected patterns to activate the P pathway relatively more, and the luminance stimuli to dominate in the M pathway, because of their lack of texture. These expectations agree with the results in two respects:
1. The occipital V1/V2 activation was significantly stronger for pattern than luminance stimuli, despite the smaller mean luminance of the patterns. This could be due to the much larger number of P than M cells representing the same angle of visual field (Livingstone and Hubel, 1988) , and to the fact that the responses of single cells in visual cortex to mere luminance changes are much weaker than their edge responses (Hubel and Wiesel, 1977) . 2. The sustained fields were significantly stronger during the pattern than the luminance stimuli. Since cells are less transient in their activation in the P than the M laminae of the lateral geniculate nucleus (Marrocco, 1976; Schiller and Malpeli, 1978) , the sustained fields could represent continued cortical P activation at the level of the human V1/V2 cortex. However, in monkeys, sustained P activation has only been reported at the level of lateral geniculate nucleus (Maunsell and Gibson, 1992) .
Ipsilateral Occipital Activation
Occipital activity was predominantly contralateral for patterns but almost bilaterally symmetric for luminance stimuli. Activation of the V1 cortex by contralateral stimuli is well documented in both animals and humans. Thus the strong lateralization of our V1/V2 responses to pattern stimuli was expected, whereas the fairly symmetric occipital activation elicited by the luminance stimuli was quite surprising. Before discussing a possible neural basis for this, we have to consider contributions from optical factors in the eye and retina. The human eye is not optically perfect, and every stimulus produces stray light that stimulates unwanted parts of the retina (Krauskopf, 1962; Vos et al., 1976) . The change in net illumination was stronger for luminance than pattern stimuli and might thus have caused a larger stray light effect. Since the contrast sensitivity of M cells is much better than that of P cells (Kaplan and Shapley, 1986) and since the M cell responses saturate already at low contrasts (Tootell et al., 1995; Anderson et al., 1996) , it would be possible that the stray light evoked almost as strong responses as the actual stimuli did in the M cells, whereas the P cell responses remained unaffected. The low luminance of the stray light could account for the 10 ms delay of the ipsilateral responses. Another possibility is that the strong illumination change at luminance stimulus onsets caused larger eye movements than pattern onsets, resulting in movement of the visual axis; the mean extent of eye movements during fixation is normally well below 0.25° (Ditchburn, 1973) . However, since the ipsilateral/contralateral amplitude ratios were practically identical for foveal and extrafoveal stimuli, the latter excluding the central 1.5°of the visual field, we consider the eye movement explanation improbable as the cause of the ipsilateral activation.
One explanation for the bilaterality of the luminance evoked responses is callosal transfer, which is supported by the 10 ms delay of the ipsilateral responses. The boundary between human areas V1 and V2 contains rich callosal connections (Clarke and Miklossy, 1990) , and our results would suggest that luminance stimuli result in larger callosal transfer of information than patterns. This finding is in line with human psychophysical data, suggesting that interhemispheric transfer of visual information is stronger for low than high spatial frequencies (Berardi and Fiorentini, 1987) . Finally, it is also possible that our three-dipole model was not fully adequate for modelling responses to luminance stimuli. However, since a clear difference in laterality was evident already in the distributions of the evoked responses, it seems improbable that the difference in contra/ipsilateral ratio for pattern and luminance stimuli would be due solely to non-optimality of the source model. It is evident that the unexpectedly bilateral occipital activation by luminance stimulation needs further experimental clarification.
Parietal Activation and the Dorsal Visual Stream
Strong activation of the POS region by luminance stimuli was a very consistent finding both in the evoked responses and in the modulation of the parieto-occipital rhythmic activity. Parietal activation was also significant with our low-contrast stimuli, which were supposed to evoke only very weak P cell activation (Kaplan and Shapley, 1986) ; thus M cell mediated input to the parietal areas seems likely. We have recently suggested (Hari and Salmelin, 1997) that the POS area is the human homologue of the macaque V6 complex, which receives projections at least from the magnocellular-fed areas V3 and V5 (Zeki, 1986) . The V6 complex consists of two functionally distinct areas, the deeper V6 and the more dorsal V6A, which, unlike V6, has both visually responsive and unresponsive cells. The visual neurons of V6A have large receptive fields, and some V6A units show activity which is modulated by attention (Galletti et al., 1996) . The peripheral visual field is strongly represented in the PO/V6 complex (Allman and Kaas, 1976; Galletti et al., 1991) .
In line with animal data on functions of the V6 complex, (i) we observed the strongest activation by luminance stimuli which probably mainly activated the M pathway, (ii) there was no dependence on the side of visual field stimulated and (iii) the activation was similar for foveal and extrafoveal stimuli.
The role of the parietal cortex in control of attention is well established (Bushnell et al., 1981; Mountcastle et al., 1981; Corbetta et al., 1995) . Stronger activation of the POS region by luminance than pattern stimuli could thus ref lect stronger orienting and attention-catching value of the high-contrast, low-frequency luminance stimuli (Steinman et al., 1997) . Such a suggestion is also supported by the results of a reaction time study (Downing, 1988) where the facilitating mechanism of selective attention (measured as shorter reaction times) had a larger spatial extent for luminance than pattern stimuli.
